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Abstract

Microclectromech anical sensors, ADXI1.50 and
XMMASA0G accelerometers whit}] are fabricated with surface
micromachining, techniques are characterized for total dose
radiation. An unusual failure mechanism that appears to be
associated with the sensor was observed and presented in this
paper.

I. Introduction

Microelectromechanical systems (MEIMS) are new tech-
nologies with a wide range of applications; automotive, bio-
medical instrumentation, a nd scicntific. Itis a technology that
combines electronics and micromechanical devices in one pack-
age. Thcgrowth of MEMS has attracted a broad range of
research and industry interests. The most important application
of MEIMS, so far, is in the microsensor area, such as pressure
scensors, chemical sensors, and accelerometers.

MEMS technology is particularly attractive to space sys-
tems. It promises to lay a crucial role in future miniaturized
spacecrafl, such as those planned by New Millennium Program.
‘This paper presents total dose test results for two MEMS
accelerometers, Analog Devices AD X1.50 anti Motorola

| 434V
.( Reference p Vref
Out
+1.8V
>
| >
A Iluﬂ‘c“
l ) L ‘ Amp |
o \059'”"'0 » ] Scnsor T I)cnmdulajor> ‘
7
Preampy
| ot
Self Tes| ‘
(81)
\Y
Phn VS » Vout
it e
N

Figure 1. Functional block diagram of A1 XI1.50.
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XMMAS40G.
I1. Device Descriptions

The analog devices ADXI.50 is a micro electromechanical
sensor which measures up to 150 g acceleration on a single
monolithic integrated circuit. As shown in Figure 1, it contains
a polysilicon surface-micro machined sensor and signal condi-
tioning circuitry. It uses a differential capacitor sensor consist-
ing of independent fixed plates and a movable floating central
plate which deflects in response to changes in relative motion.
The sensor element and electronic circuitry were fabricated with
a BiCMOS process. The acceleration sensor contains 42 unit
cells and a common beam. Figure 2 is a scanning electron
microscope (SEM) picture of the AIDX1.50 sensor at rest (O g).
‘'he outer two capacitors are series connected, forming a capaci-
tive divider with a common movable central plate. When an
acceleration is applied, the common central plate (beam) moves
closer to one of the fixed plates while moving, further from the
other. The output amplitude increases with the amount of
acceleration applied at the sensor.

Fxternal resistors wereused to set the gain and offsetof the
internal buffer amplifier to provide1.5 V t03.5 V full scale
output range. The device sensitivity is 19 mV/g anti the fullscale
output swing is 3 0.95 volts for 450 g acceleration. Thezero g

Figure 2. A SEM photograph of the sensor at rest,



oulputlevel of the pre-amplifier (Vpr) is -11.8 volts.

Motorola XMMASA40G is a silicon capacitive, micro-ma-
chined accelerometer. It consists of a single polysilicon seismic
mass which suspends between two fixed polysilicon plates (G-
Cell). The (i-cell is scaled at the die level, creating a particle-
free environment. The fall-scale measurement is 240 g and the
sensitivity of the device is 35 mV/g. The device is fabricated with
a commercial CMOS process.

111 TestSetup

A special 1cst set-up employing a variable speed rotating
arm was fabricated using a slip-ring assembly, dc motor, and
other cquipment to measure the linearity of the sensitivity of the
accelerometer. The device under test was located at onc end of
a 10“ rotating, arm. The output voltage, reference voltage, and
Vpr were mecasurcd at various acceleration levels with an
HP3458A precision DMM. Negative g levels can be measured
by changing the device orientation 180° at the end of the 10
arm. A detailed diagram of the test apparatus will be included
in the final paper.

1V.Test R esults
a) Analog Devices ADXI.50
Cobalt- 60 1est Results

Devices were irradiated at a dose rate of 25 rad(Si)/s in a
static (non-rotating) condition. At levels between 5 and 20
krad(Si) the device continued to operate normally, with a slight
shift in output voltage and slope. At higher levcels, an unusual
failurc mode developed, as shown in Figure 3. The output
voltage was initially stuck at a low voltage (SO mV). It remained
stuck when the device was accelerated to g-levels below 30 g,
I lowever, normal operation could be restored by accelerating
themto a sufficient high g-level (approximately 30 g). ‘I’hen,
devices remained functional from -1 SO g levelto -50 g level as
long as the device power supply was on. However, once the
power supply voltage was removed, the output voltage reverted
to the stack mode. Normal operation could again be restored by
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Figure 3. ADX] .50 1IDR |25 rad(Si)/s] test result.

accelerating the device to 30 g, but the device always returned
the stuck mode once power was removed.

As shown in Figure 1, the pin configuration of this circuit
allows separate mecasurements of the buffer amplificr. Input
offset voltage, input bias current, and output voltage of the
output buffer amplificr were mcasured, but insignificant degra-
dation was observed during irradiation. The 3.4 V reference
voltage showed no degradation at all.

Electrical parameters of irradiated devices did not show any
indication of annealing afler 24 hours at room temperatute, after
they were irradiated to 25 krad(Si). I lowever, a device recovered
fully after 144 hours at 100 °C. ‘lbis device was irradiated
further to observe the failure mechanism at higher total dose
level, The device was functional until it was exposed to an
additional 15 krad(Si), 40 krad(Si) total. It failed similarly as
before, but in this case it recovercd within 1 hour at room
temperature annealing, The other device was subjected to 168
hour of 100 °C annealing period to observe any rebound effects.
However, no rebound was observed. The annealing test results
imply that this BICMOS accelerometer should withstand much
higher totaldoseirrad iat ion at a low dose rate, and low dose-rate
tests arc in progress. They will be included in the final paper.

A static factional test was performed using the self-test
function. This test can bcuscd to verify the functionality of the
device statically when the dynamic linearity test system is not
available. When logic high voltage is applied to the self-tcsl
input, an electrostatic force is applied to the sensor so that the
sensar will be in the negative full-scale output state (-50 g level).
A correctly functioning accelecrometer will respond by initiating
about - 1volt output change at Vpr. The output will return to O
g level when the self testinputlevel goes low. Figure 4 shows
test results of a control device and irradiated devices at 25
krad(Si) using the self test function. The plot of Vpr and Vout
of the control device (dotted line in Figure 4) indicates that the
device functions properly. Vpr of irradiated devices degraded
significantly after 20 krad(Si). 1 lowever, they still responded to
applied voltage at the self-tcs[ input. The output of onc device
(solid line in Figure 4) shows a partial functionality when the
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Figure 4. Self-test functional test of contro! unit and two
failed devices; one device was partially functional; the
other device was stuck low.



3,3950

lnf

L P

33910

3,39.70

3.392

Ve V)

3.3910

33900

Anncaling >
| | t i

0 lo 2 25 24ht

lnadiation !
F > 3,3893

144ht

“Total | dose: [krad(Si))
Figure 5. ADX1.50 Vpt and Vrcf degradation

self-test input is high (5 V), but it was non functional when the
sclf testinputis low (O V). The output of another device stuck
at low (dashed lineinFigurc 4) and did not responded to the self-
testinput at all at 25 krad(Si).

Theinternal reference voltage and the buffer amplificr
showed insignificant degradation during total dose irradiation.
1lowever, the output voltage of the pre-amplificr, Vpr, degraded
significantly with radiation and showed rapid annealing after
high-temperaturc anncaling period, although it did not anncal
atroom temperature. It is shown inFigure 5. Note that the pre-
amplificr and the output buffer amplifier arc identical ap-amps.
Itis clear that when Vpr degrades and reaches a certain value,
below 1.5 V, thenthedevice is non functional. The 3.4 V
reference voltage output changed less than1mV afler irradia-
tion, as shown inligutre 5,

After high temperature anncaling, Vpr values recovered to
the initial Values and devices functioned properly. This anncal-
ing behavior indicates that electronic circuit degradation caused
the Vpr-related failure after irradiation rather than the electro-
mechauical clement.
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Figure 7. comparison of results with whole-chip and
localized irradiation of the sensor.

SEM Irradiation Result

A SEM irradiation technique was used to irradiate only the
sensor portion of the ADXI1.50 using a method previously
developed|[2-4]. The dose rate of 1 krad(Si)/s was calculated
based on the area of the scnsor which was to be irradiated and
beam curt cat was set accordingly with the 30 KcV beam voltage.
(Details will beincluded in the final paper.)

The lincarity curve of the device did not show any
nonlinearitics up to the dose level of 50 krad(Si). However, it
showcd offset errors, in other words, the curve shifted up along
the y-axis as inFigure 6. Note that the hysteresis like response
when the whole device was irradiated as shown inFigure 3 was
not observed when the only sensor was irradiated. The linearity
curve shifted up to the final dose level of 50 krad(Si).

Vpr also showed significant degradation during SEM irra-
diationand it is shows in Figure 7. Vpr changed from 1,765 V
initial value to 0.826 V at SO krad(Si) and the device was still
functional at the Jow value of Vpr unlike the total dose test results
when the whole device was irradiated. After 50 krad(Si) of SEM
irradiation, the Vpr was Jcss than 1 V which means that the self
test functionwould fail at this level of radial ion. Vpr of 0.826
Vchaageclto0.132 V when a logic high is applicd at the sclf test
input, the Vpr should be reducedfullonevolt.In this casethe
Vprreached the saturation limitation and failed the self test
function test, However, the overall transfer curve of the device
output still remained functional as shown inFigure 6 even
though the self test function test failed.

b) Motorola XMMAS40G Accelerometer
High Dose Rate T est Result

This CMOS fabricated device exhibited small changes in
the output g-level response at low total dose levels, but failed
functionally at 4 krad(Si). The output of the device stack at high
level (4.86 V) as shows inFigure 8. Devices did not show any
indication of anncaling during 24 hours at room temperature.
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Figure 8. Motorola XMMAS40G 11DR test result

1 lowever, the output changed 1o 2,7 mV and device was nonfunc-
tional after 168 hours 100 C annealing.

After the high temperature annealing test, a peculiar post-
irradiation lock-up condition was observed for this device.
When a device was accelerated to about 40 g level and stayed
about 2.0 seconds, the output jumped back to 3.505 V which
indicates that the device is nonfunctional. The supply current
increasedto 112mA. The nominal supply current was about 3.5
mA throughout full scale outputg-levels. ‘1’hen, the power
supply was removed and applied for scveral seconds. Theoutput
stayed at 27 mV and the supply current was 3.03 m A. ‘The power
supply was turned onand off several times to make sure the
output was in stable mode. Again, the device was spun Up to
about 40 glevel, then, the device output increased to 3.588 V and
the supply current jumped up to 113.7mA. To clear this mode,
the power had to be recycled and the outputreturned to 27 mV.,

‘Thisisan unusual failure mechanism ofa CMQOS device duc
10 a combination of radiation damage and annealing. When the
device is in high g-level mode, the device starts drawing
tremendous amount of current and the output stucks at high
level. This appears to be an effect of the micromechanical sensor
and CMOS electronic components interaction. Devices were
delidded for SI:M analysis. None of the devices functioned after
delidding. The die was too delicate to touch and none of the
delidding attempts seemed to work successfully. We are in the
process of getting a die sample from Moltorolato analyze and the
final paper willinclude further work on the unusual failure mode
of this device.

V. Discussion

The two mircroclectromechan ical sensors that arc dis-
cussed in the paper show unusual failure modes when they arc
subjected to ionizing radiation. The BICMOS device functions
at much higher radiationlevels than the sensor that is fabricated
with CMOS technology, although the two devices also usc
different sensor designs and device architectures.

localizedirradiat ion of the sensor clement in the ADXI.50
shows that the sensor is affccted by radiation, as well as the
peripheral ¢lectronics. This may be caused by charge build up
in the plates of the sensor capacitor array. Morc details will be
included in the final paper, along with results of irradiation at
low dose ratc.

The failure mode of the CMOS device was also complex,
although it failed at a far lower level than the BiCMOS device.
l.ow dose-rate tests are also in progress for this device type in
order to determine if the stuck-low mechanism that was ob-
served after high temperature anncaling also occurs at low dose
rate.

The key issue for these devicesis to understand how the
sensor technology and device architecture affect the results.
Initial tests suggest that the interplay of the sensor and electronic
devices affects both parl types. This will be further studied for
the final paper.
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